INTRODUCTION
============

Rheumatoid arthritis (RA) is a chronic inflammatory disease caused by immune reactivity that results in joint destruction and chronic pain ([@b20-bt-23-195]). RA therapeutics cause a reduction in joint inflammation, recover erosive damage, and improve the patient's quality of life ([@b19-bt-23-195]).

Autoimmune arthritis is induced by immunization with an emulsion of complete Freund's adjuvant and type II collagen ([@b3-bt-23-195]). Immunization of rodents with type II collagen induces a high incidence of collagen-induced arthritis (CIA) ([@b11-bt-23-195]), that involves macrophages ([@b9-bt-23-195]) and neutrophils, as well as CD4+ T cells and CD8+ T cells ([@b2-bt-23-195]; [@b4-bt-23-195]). Because the rat CIA model shares many similarities with that of human, this model is useful for addressing the effects of compounds in the late, chronic stage of arthritis ([@b2-bt-23-195]).

Oral administration of methotrexate (MTX) is widely used method of treating arthritis ([@b23-bt-23-195]; [@b24-bt-23-195]). MTX treatment is able to slow the rate of joint destruction through its inhibitory effects on the cascade of events initiated by inflammatory cytokines and subsequent joint-destructive enzymes ([@b14-bt-23-195]; [@b10-bt-23-195]), and may improve bone mass and turnover in the arthritic rat, in which several cytokines affecting bone cells are involved ([@b21-bt-23-195]). However, quantitative assays of the therapeutic potential of MTX have not been fully assessed.

To assess arthritis in joint lesions, the combination of advanced imaging with three-dimensional systems and intravital animal models may provide more informative and disease-relevant platforms ([@b5-bt-23-195]). Furthermore, by enabling longitudinal studies, imaging of living animals allows continuous, dynamic, and sometimes nearly instantaneous identification and quantification of disease progression ([@b8-bt-23-195]). Such imaging techniques, including micro-computed tomography (micro-CT), are advantageous for taking anatomical images of animals in high resolution ([@b18-bt-23-195]).

We tested the hypothesis that micro-CT analysis provided a better quantitative readout of the therapeutic potential of MTX in a rat CIA model and compared to conventional histopathological examination.

MATERIALS AND METHODS
=====================

Collagen-induced arthritis
--------------------------

Twenty-four female Wistar rats (8 weeks old) were obtained from Orient Bio (Kapyung, Korea) and acclimated for 7 days prior to the study. Rats were maintained in a temperature-controlled environment (22 ± 3°C), 55 ± 5% relative humidity under a 12-h light/dark cycle. Rats were fed a rodent diet and filtered water *ad libitum*.

Rats were randomly divided into three groups. Rats in group 1 (G1) were treated with 0.9% saline and those in groups 2 (G2) and 3 (G3) were boosted with type II collagen at days 0 and 7 to induce arthritis. Briefly, bovine type II collagen (Chondrex, Redmond, WA, USA) was dissolved in 0.01 M acetic acid overnight at 4°C. Then the mixture was emulsified in an equal volume of incomplete Freund's adjuvant (Chondrex). Rats in G2 and G3 were immunized intradermally at the tail base with 0.1 mL of emulsion containing 100 μg type II collagen. From day 14 to 28, rats in G1 and G2 were treated orally with 0.9% saline, and those in G3 were treated orally with 1.5 mg/kg MTX. All rats were sacrificed on day 28 after the first collagen immunization, and all hind knee joints were fixed in 10% neutral phosphate-buffered formalin. Then, micro-CT and histopathological analyses were performed. This study was approved by the animal experiment committee of Namseoul University based on the Animal Protection Act.

Micro-CT analysis
-----------------

Quantitative analysis of hind knee joints was performed using a micro-CT system (Skyscan 1172, Bruker, Kontich, Belgium). Specimens were scanned using micro-CT with an X-ray source of 40 kV/250 μV, pixel size 23 μm, and a 0.5 mm aluminum filter. After scanning, cross-sectional slices were reconstructed and each scan result was reconstructed using the 0--0.14 threshold values to distinguish bone from air.

Three-dimensional analysis was performed using CTAn software (Bruker). The fraction of bone volume, percent bone volume, trabecular number, trabecular thickness, bone surface/bone volume and trabecular separation were performed using the built-in software. In addition, osteophytes within each contiguous coronal image section were manually outlined and their volumes were calculated using CTvol software (Bruker).

Histopathological observation
-----------------------------

Hind knee joints were fixed in 10% phosphate-buffered formalin for 24 h and decalcified in 14% EDTA-glycerol for 14 days at room temperature. Samples were routinely processed and embedded in paraffin, and 4 μm sections were stained with hematoxylin and eosin (H&E) for histopathological examination. For cartilage staining, safranin O-fast green was used on hind knee joints. Histopathological analysis of joints was performed to examine infiltration of inflammatory cells, cartilage degradation, bone destruction and synovial proliferation.

Immunohistochemical analysis of MMP-13
--------------------------------------

The avidin-biotin complex method was used to stain matrix metalloproteinase (MMP) in 4-μm joint sections. Sections were dewaxed with xylene and hydrated through a graded ethanol series, and incubated in hyaluronase (H3506, Sigma Chemical Co., St Louis, MO, USA) for 30 min. Then the sections were sequentially treated with 0.3% hydrogen peroxide, blocking serum, and anti-MMP-13 antibody (ab39012; 1:100; Abcam, Cambridge, MA, USA). Then they were washed with Tris-buffered saline containing Tween 20^®^ (TBS-T) and subjected to ABC-peroxidase procedures (ABC Kit; Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blocking serum, instead of primary antibody, was used as a negative control.

Immune complexes were visualized using 3,3′-diaminobenzidine tetrahydrochloride (DAB; D5637; Sigma-Aldrich, St. Louis, MO, USA) as the chromogen. Sections were counter-stained with Mayer's hematoxylin to facilitate their examination under a light microscope.

Statistical analysis
--------------------

Statistical analysis was performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). All data were analyzed using Dunnett's multiple comparison test following one-way analysis of variance (ANOVA) and Student's *t*-test, and were expressed as the mean ± standard deviation (SD). *p*-values \<0.05 were considered statistically significant.

RESULTS
=======

Micro-CT analysis
-----------------

X-ray, coronal and sagittal micro-CT images showed a normal joint appearance was shown in G1 rats and severe joint destruction was observed in G2 animals. Moreover, this joint destruction was also observed in G3 rats, although no difference in arthritic lesions was obvious in G3 compared to G2 ([Fig. 1](#f1-bt-23-195){ref-type="fig"}).

Micro-CT analysis revealed several altered bone parameters ([Fig. 2](#f2-bt-23-195){ref-type="fig"}). Bone volume (*p*\<0.01) and percent bone volume (*p*\<0.05, *p*\<0.01, respectively) was significantly decreased in G2 and G3 rats compared to G1. However, bone surface/ bone volume was significantly increased in G2 and G3 rats compared to G1 (*p*\<0.05 and *p*\<0.01, respectively). Trabecular thickness was not significantly different in G2 and G3 rats compared to G1. Trabecular number was significantly decreased in G2 and G3 rats compared to G1 (*p*\<0.01). Trabecular separation was significantly increased in G3 animals compared to G1 (*p*\<0.05). However, none of the previous parameters were significantly different in G3 rats compared to G2.

Histopathological observation
-----------------------------

No inflammation or tissue destruction was observed in G1. However, in G2 rats, knee joints showed severe joint destruction with inflammatory cell infiltration, and bone and enlarged cavities filled with synovial fibroblasts and inflammatory cells and these changes were also present in G3 animals. However, cartilage destruction was decreased in G3 rats compared to G2 ([Fig. 3](#f3-bt-23-195){ref-type="fig"}).

According to safranin O-fast green staining, normal cartilage structures of the joints were noted as red color in G1 animals. However, cartilage staining was remarkable reduced in G2. Although cartilage destruction was present in the joint surface, in G3 animals, safranin O-fast green staining was present around chondrocytes ([Fig. 4](#f4-bt-23-195){ref-type="fig"}).

Immunohistochemical analysis of MMP-13
--------------------------------------

With respect to MMP-13, there was no immunostaining in the joints of G1 animals. In G2 rats, MMP-13 was remarkably increased in the joint surface. However, MMP-13 in joint surface was decreased in G3 rats compared to G2 ([Fig. 5](#f5-bt-23-195){ref-type="fig"}).

DISCUSSION
==========

Micro-CT analysis provided several quantitative parameters for evaluating MTX treatment of RA. It showed that bone volume, percent bone volume, and trabecular number were significantly decreased, and bone surface/bone volume was increased in CIA lesions compared to the control. These results suggest that bony parameters are altered following collagen treatment. However, MTX treatment did not result in therapeutic advantages at these bony parameters. The main therapeutic action of methotrexate was related to the inhibitory effects on the cascade of events initiated by inflammatory cytokines and subsequent joint-destructive enzymes. It was reported that trabecular thickness values was significantly increased in the MTX-treated groups compared to that of the *Mycobacterium*-induced arthritic control group, however another bony parameters of MTX-treated groups were not significant difference compared to arthritic control group ([@b21-bt-23-195]). These data were similar to our results. Even though there were difference of animal species, animal model of arthritis and analysis instruments, we think the therapeutic potential of MTX was minimal in bony parameters.

To evaluate disease-specific regional variables of interest, such as bone volume fraction and joint space, a consistent and reliable spatial sampling method was developed. In general, micro-CT has an advantage for bone detection over other methods. To quantify arthritis progression, micro-CT was utilized in this study. Micro-CT can measure joint space narrowing and reveal trabecular bone structure and osteophyte formation ([@b8-bt-23-195]). As there were high individual variation of osteophyte numbers in CIA rats, it did not show the therapeutic potential of MTX in this study (data not shown).

Because micro-CT analysis somewhat limited for cartilage detection, H&E and safranin O-fast green staining were utilized. Normal cartilage structures were present in joints in control rats. However, cartilage staining was remarkably reduced in joints from rats treated with collagen. In G3 rats, H&E and safranin O-fast green staining showed that MTX treatment caused a slight reduction in cartilage destruction.

Histopathological examination also showed that knee joints of CIA rats exhibited severe joint destruction with inflammatory cell infiltration. As histopathologic examination provides qualitative or semi-quantitative information, there are some limitations for the quantification of lesions. In this study, MTX treatment did reduce cartilage destruction compared to CIA, although it did not result in therapeutic advantages in bone parameters

Because MMP, collagenases, and gelatinases are involved in joint destruction in arthritis ([@b7-bt-23-195]), it is possible to assess the breakdown products of joint matrix components ([@b13-bt-23-195]). In the present study, MMP-13 immunostaining was remarkably increased in G2 animals. However, MMP-13 was reduced in the joint surface of G3 rats compared to G2. The MMPs are believed to play a central role in the process of timely breakdown of extracellular matrix for embryonic development, morphogenesis, reproduction, and tissue resorption and remodeling ([@b12-bt-23-195]). Among the MMPs, MMP-13 is expressed by chondrocytes and synovial cells in arthritis and is thought to play a critical role in cartilage destruction ([@b22-bt-23-195]). We found that MMP-13 expression was increased in G2 animals and MTX treatment reduced its expression by immunohistochemical method. Further studies are warranted to investigate the inhibitory mechanism of MMP-13 by MTX treatment.

While histopathological examination is a valuable method used to evaluate therapeutics ([@b6-bt-23-195]), it may limit the quantitative information, especially in cartilage. For simultaneous analyses of cartilage and bone parameters, new high technologies, such as optical tomography, fluorescence molecular tomographic imaging and near infrared absorption spectra could be useful. The specific use of optical tomography in arthritis allows accurate three-dimensional imaging and quantification within the picomolar range ([@b15-bt-23-195]), and a bone-specific polymeric probe provides early diagnosis of arthritis and visualization of arthritis progression, which could be used for early diagnosis of RA and to monitor drug and surgical therapies in individual cases ([@b17-bt-23-195]). Furthermore, a near infrared spectroscopic probing technique could be used to detect, qualify and quantify changes in arthritis ([@b1-bt-23-195]), and making it possible to visualize the tissue of living animals combined with immunohistochemistry using corresponding intravital microscopy images ([@b16-bt-23-195]). Further studies are warranted to evaluate the therapeutic potential of pharmaceuticals using micro-CT and fluorescence imaging system simultaneously.

Overall, our results show that MTX treatment caused a reduction in cartilage destruction in rats with CIA, and micro-CT analysis made it possible to quantify bony lesions of arthritis. New technologies associated with histopathological examination should be applied to evaluate cartilage involved in arthritis lesions.

We would like to thank Dr. Won Kil Lee for his data analyses and Ms. Joo Hye Sim and Kyung A Kwak for their technical assistance. This study was supported by a grant of O-song Medical Innovation Foundation R&D project (HI13C0998) of Ministry of Health and Welfare in South Korea.

**CONFLICT OF INTEREST**

Authors declare that there are no conflicts of interest.

![X-ray, coronal and sagittal micro-CT image of hind knee joint in rats treated with collagen. Note the X-ray (A--C), sagittal images (D--F) for G1, G2 and G3, respectively. Note the normal appearance of joints for G1 animals and severe joint destruction in G2. Moreover, this joint destruction remained in G3 and there were no differences of lesions in G3 compared to G2.](BT-23-195f1){#f1-bt-23-195}

![Micro-CT analyses parameters of tibial trabecular bone in the control (G1), CIA +saline (G2) and CIA+MTX (G3). (A) bone volume, (B) percent bone volume, (C) bone surface/bone volume, (D) trabecular thickness, (E) trabecular number, and (F) trabecular separation. ^\*,\*\*^Significantly different from G1 (*p*\<0.05, *p*\<0.01, respectively); Values represents shown as mean ± standard deviation.](BT-23-195f2){#f2-bt-23-195}

![Histopathological examination of hind knee joint of female rats. Note the normal microscopic structure of the joint of control rats (A). However, cartilage destruction was remarkable in those treated with collagen in G2 (B). However, cartilage destruction was reduced in G3 animals (C). H&E staining of paraffin embedded sections from hind joints Magnification, ×200.](BT-23-195f3){#f3-bt-23-195}

![Safranin O-fast green staining of hind knee joint of female rats treated with collagen. Note the normal cartilage staining of the joint (red) in G1 animals (A), which is remarkably reduced in G2 rats (B). Also note that, in G3 animals, there was cartilage staining in joints of rats (C). Magnification, ×200.](BT-23-195f4){#f4-bt-23-195}

![Immunohistochemistry of MMP-13 in hind knee joint of female rats treated with collagen. Note the normal cartilage staining of the joint in G1 rats (A). However, MMP-13 staining was remarkably increased in the joint of G2 rats (B) and weakly stained in G3 (C). Magnification, ×200.](BT-23-195f5){#f5-bt-23-195}
